INTRODUCTION
African swine fever (ASF) is an acute, highly contagious and often fatal disease of domestic swine (Hess, 1971) caused by a virus of the family Iridoviridae (Matthew, 1979) . In recent years, however, a less virulent form of the disease has emerged (Mebus & Dardiri, 1980) . The disease was confined to the African continent for the first half of this century, during which time wild swine, as subclinical carriers, transmitted the infection to domestic swine. However, since 1957, ASF has spread to some European countries and eventually to the Western hemisphere, the first outbreak having been reported in Cuba in 1971. After eradication, the disease was re-introduced into Cuba in the winter of 1979 to 1980. In 1978, the disease was diagnosed in Brazil, the Dominican Republic and Haiti. Although the sources of ASF virus causing many of these outbreaks have not been conclusively established, uncooked pork products from airports and seaports have been implicated (Peritz, 1980) . The African swine fever virus replicates in the cytoplasm of infected ceils, is icosahedral in shape, and matures by budding through the plasma membrane (Breese & DeBoer, 1966; Moura Nunes et al., 1975; Els & Pini, 1977) . The genome of ASF virus consists of a double-stranded DNA molecule with an approximate molecular weight of 100 x 106 (Enjuanes et al., 1976) and contains $1 nuclease-sensitive cross-links near the ends (Ortin et al., 1979) . Because orthopoxviruses also have a terminally cross-linked genome structure and similar virusassociated enzymes (Moss, 1978) , Kuznar et al. (1980) have suggested that the two virus groups may have a common biochemical strategy for early replication functions.
To date, no generally accepted method for distinguishing ASF virus types isolated from epizootics exists. The availability of restriction endonucleases (Nathans & Smith, 1975) and gel electrophoresis for analysing DNAs offers a method for rapid and detailed comparisons of the genome of ASF strains. After restriction endonuclease digestion, DNA molecules yield a distinctive set of fragments that can be visualized after gel electrophoresis. Changes in the gel pattern due to the emergence or elimination of cleavage sites by mutation or sequence rearrangements should distinguish closely related ASF isolates. African swine fever virus DNA is ideally suited to restriction endonuclease analysis because of the large genome size and, therefore, the availability of numerous cleavage sites for endonuclease digestion. This type of analysis has proved to be a sensitive and reliable way to distinguish isolates of herpesvirus (Buchman et al., 1980) and adenovirus (Wadell et al., 1980) .
In the present paper, DNA molecules of ASF virus isolates adapted to Vero cell culture were examined to determine whether sufficient genome variation occurs to distinguish isolates and to compare changes in the restriction enzyme patterns among plaque-purified, uncloned, and wildtype virus. Restriction endonuclease analysis of field isolates may ultimately clarify the epidemiology of African swine fever disease.
METHODS

Cells and virus.
Vero cells (American Type Culture Collection) were grown in 25 cm 2 plastic flasks or 2-1itre glass roller bottles in F-15 medium (Gibco) supplemented with 109°o calf serum (Gibco), gentamicin (1 btg/ml) and amphotericin B (2 lig/ml).
The original virus isolates from Brazil (1978 ), Dominican Republic (DR-I, 1978 and Haiti (1979) were passaged once in pigs as follows. Pigs were inoculated intravenously with 10 ml of at least 107.5 hemadsorptionso units/ml of virus either as a 20%o spleen suspension or as a swine buffy coat cell culture obtained at the time of laboratory diagnosis. The 20°,0 spleen suspension in autologous, defibrinated blood was prepared 3 days after inoculation, filtered through four layers of sterile cheese cloth and stored in aliquots at -75 °C as seed virus. The Lisbon'60 (L'60) seed virus was prepared in the same manner, except that the virus was passaged six times in pigs before adaptation to Vero cells. The virus designated L'60 BM-89 had the same origin as L'60 but, in addition, had been passaged 89 times in swine bone marrow cell cultures. The V-6 virus (Pan et al., 1978) was a plaque-purified clone derived from the L'60 BM-89 virus parent with an undetermined number of passages in Vero cells.
Adaptationofvirus to Vero cells. Frozen seed virus (20~ spleen suspension) was thawed, diluted (1 : 10 with F-I 5 supplemented with 10°/o calf serum and antibiotics), arid centrifuged at 800 g for 30 min at 4 °C. The supernatant was used as the virus inoculum. Monolayers of 3-day-old Vero cells in 25 cm 2 plastic flasks were inoculated with 3 ml of the virus. After a 3 h incubation at 33 °C with intermittent rocking every 10 min, the inoculum was decanted, the monolayer was washed twice with the culture medium and 5 ml of culture medium was added. Veto cells were incubated at 33 °C during adaptation. After 7 days of incubation without evidence of cytopathic effect (c.p.e.), the cells were resuspended in culture medium and sonicated once for 10 s at 300 W (Ultrasonic Instruments). The disrupted cell suspension was clarified by centrifugation (400 g, 5 min, 4 °C) and 3 ml of the supernatant was used for inoculation of fresh Vero cell monolayers. By repeating this adaptation procedure, c.p.e, generally became apparent from the third passage.
To ensure a homogeneous virus population for studies of the ASF virus genome, each isolate underwent three successive cycles of plaque-purification as described by Pan et al. (1978) .
Purification of cell culture-adapted and wild-type virus. Veto cells grown to confluent monolayers in ten 2-1itre roller bottles (about 2 x 108 cells/bottle) were inoculated with virus at a multiplicity of infection (m.o.i.) of about 1.0 and incubated for 1 h at 37 °C. The inoculum was then removed from each bottle and replaced with 50 ml F-I 5 medium supplemented with 10'~'o calf serum and antibiotics. After a 48 h incubation at 37 °C, infected cell cultures demonstrated extensive c.p.e, and were easily shaken free of the glass and collected by centrifugation at 10 500 g in a Sorvall GSA rotor for 20 rain at 4 °C. The wet weight of the infected cell pellet ranged between 0.25 and 0.30 g/roller bottle. The supernatant was titrated on Veto ceils and stored at 4 °C.
The cell-associated virus was purified essentially as described by Enjuanes et al. (1976) as follows. Infected cell pellets were resuspended in 35 ml ofa hypotonic solution (10 mM-NaCI, 10 mM-Tris HCI pH 7-5, 1.5 mM-MgCI2) for 30 min at 4 "C. Swollen cells were disrupted with 10 to 15 strokes of a Ten Broeck glass tissue grinder. Cell debris, intact nuclei and cells were removed by centrifugation at 750g for 10 rain at 4 °C. The virus-enriched supernatant was layered on to a 21 ml discontinuous sucrose gradient, consisting of three layers of equal volumes of 25°0, 35~0 and 50°o (w/v) sucrose in 1 M-NaC1, 0.01 M-Tris-HCI pH 8.2, 0.001 M-EDTA and centrifuged for 90 min at 20000 rev/min at 4 °C in a Spinco SW28 rotor. The opaque band at the 35°.00/50~ sucrose interface was collected, diluted with at least an equal volume of 1 M-NaCI, 0-01 M-Tris-HCI pH 8-2, 0.001 M-EDTA, and the virus was pelleted by centrifugation at 4 °C for 1 h in the Spinco SW41 rotor at 30000 rev/min.
Wild-type DR-I virus from an infected spleen suspension was propagated in vitro in swine alveolar macrophage cultures and was purified as follows. The cell-associated virus was extracted from the frozen infected cell pellet of alveolar macrophages by washing (1600 g for 15 min at 4 °C) and resuspending in 10 ml of 0-15 M-NaC1, 3 mMMgCIz, 0-02 M-sodium phosphate, pH 6.8. The cellular debris was sonicated in 15-s bursts for I min at 4 °C. After this, 20 gg/ml RNase A (Sigma; preincubated at 90 °C for 10 min) and 20 Itg/ml DNase (Sigma) were added and the solution was incubated at 37 °C for 30 min. The solution was then made 20 mM in EDTA and cellular debris was removed by centrifugation (750g, 10 min, 4 °C) before overlaying the supernatant on a 25°~, 35~, 503.0 (w/v) sucrose step gradient as above. The band at the 35 ~o/50 o/£ sucrose interface was collected and diluted, and the virus was pelleted through a 3 ml cushion of 25~o sucrose in 1 M-NaCI, 0. DNA extraction. The pelleted virus was resuspended in 0.5 ml of 10 mM-NaC1, 10 mM-Tris-HC1 pH 8.2, 20 mM-EDTA and then lysed by the addition of N-lauroylsarcosine (Sigma) to a final concentration of 0.5~o and proteinase K (Sigma; predigested for 1 h at 37 °C) to 500 lag/ml for 1 h at 37 °C. The virus lysate was applied to a 5 to 20~ continuous sucrose gradient in 1 M-NaC1, 0.01 M-Tris-HC1 pH 8-2, 0-001 M-EDTA and centrifuged for 3.5 h at 40000 rev/min in a SW41 rotor at 4 °C. Intact virus DNA sedimented about three-quarters of the length of the sucrose gradient. Fractions containing virus DNA were pooled and precipitated overnight at -20 °C by the addition of 0-1 vol. 3 M-sodium acetate and 2.5 vol. 95 ~ ethanol. Precipitated DNA was pelleted and dissolved in 50 ~tl of 10 mM-Tris-HCl pH 7-5, 1 mM-EDTA for restriction endonuclease digestions. Recoveries of DNA ranged between 2 and 3 ~tg DNA/roller bottle as determined by A26o, assuming that a 50 ~tg/ml solution of DNA has an A26 o of 1.0 (Mandel & Marmur, 1968) .
Restriction endonuclease digestions. Purified virus DNA was digested with restriction endonucleases EcoRI or Smal (New England Biolabs). EcoRI digestion mixtures, each containing 1.5 Ixg DNA, 100 mM-Tris-HCl pH 7.5, 50 mM-NaC1, 5 mM-MgCI,., 100 Ixg/ml bovine serum albumin (BSA) (Armour Pharmaceuticals; Fraction V) and 5 units of enzyme, were incubated for 3 h at 37 °C. SmaI enzyme digests, which contained 1-5 rag DNA, 20 mM-KCI, 6 mM-Tris-HC1 pH 8.0, 6 mM-MgCI,, 6 mM-2-mercaptoethanol, 100 pg/ml BSA and 2 units of enzyme, were also incubated for 3 h at 37 °C. A 0.1 vol. of 0.1 M-EDTA-50~ glycerol was added to stop the enzyme reaction and increase the sample density. Samples digested with restriction endonucleases generating staggered nicks were heated to 60 °C for 15 min and then cooled rapidly on ice in order to prevent re-annealing of short single-stranded terminal regions.
DNA standards encompassing the entire size range of ASF DNA EcoRI fragments were co-electrophoresed in separate wells. DNA fragments of known size were produced from adenovirus type 2 (Ad2) DNA digestion with EcoRI (Smith & Summers, 1978) and from 2 DNA digested with SmaI and HindllI (Smith & Summers, 1978; Philippsen et al., 1978) .
Agarose gel electrophoresis. Analytical 0.8~ agarose (standard low-m, Bio-Rad Laboratories) slab gels (0.6 x 10.5 × 22 cm) were prepared on a Bio-Rad model 1405 electrophoresis apparatus containing ten 1.5 x 7 mm sample wells. Agarose was dissolved in 40 mM-Tris-HCl pH 7.8, 20 mM-sodium acetate, 1 mM-EDTA, and when the agarose solution had cooled to 45 °C, ethidium bromide was added to a final concentration of 0.5 ~tg/ml. The same buffer, containing ethidium bromide, was used as the electrode buffer.
DNA samples and marker DNA fragments were co-electrophoresed at a constant voltage of 25 V at room temperature for 17 h. Discrete DNA bands were visualized by u.v. illumination using a Model C-62 transilluminator (UV Products, San Gabriel, Ca., U.S.A.). Photographs were taken with Polaroid Type 57 high speed Land Film or Kodak Tri-X film, using a Hoya yellow K-2 and a u.v. haze filter in tandem. Photographic negatives were scanned with an LKB densitometer in order to determine the position of each EcoRI fragment and the number of EcoRl fragments in each band; the computer program of Duggleby et al. (1981) was used to determine the sizes, in kilobase pairs (kb), of DNA restriction fragments of the five plaque-purified isolates. The relative number of fragments in each band was estimated by cutting out and weighing each peak after scanning densitometry of the Tri-X negatives.
RESULTS
Restriction analysis of plaque-purified virus DNA
Two restriction endonucleases, SmaI and EcoRI, were used to establish the homogeneity of plaque-purified DNA preparations and to distinguish the following Vero cell-adapted ASF isolates: Brazil, Dominican Republic, Haiti, Lisbon'60 and V-6. Limit digests of ASF DNAs with SmaI endonuclease contained 12 detectable bands (about 15 Sinai fragments) which ranged in size from less than 1 to greater than 50 kb (Fig. 1 a) . The SmaI gel patterns were remarkably similar with only one band of about 3 kb varying significantly in four of the five isolates. SmaI gel profiles of the ASF isolates V-6, Lisbon'60, Haiti and Brazil showed 92% (11/12) of the fragments with identical mobilities (co-migrating bands) while the Dominican Republic isolate exhibited only 75% (9/12) co-migrating fragments. The Dominican Republic virus gel profile (Fig. 1 a, lane 7) was the most distinctive, lacking the largest SmaI fragment, gaining a new band at 11 kb and having an accompanying increase in the intensity of the 22 kb band. Furthermore, the variable band at 3 kb co-migrated with a second band, to generate a single band calculated to be in twice the molar amount.
Because of the high number of co-migrating bands generated by SmaI enzyme, a second endonuclease, EcoRI, which yields 29 or more fragments was used to distinguish between the DNA molecules of these ASF isolates (Fig. lb) . Again, the five isolates shared many co- migrating bands resulting in restriction endonuclease D N A patterns which, although not identical, were generally similar to each other. Each pattern had two characteristic clusters of bands at about 1.7 and 3.0 kb, and, except for the 27 kb D N A fragment of the Dominican Republic isolate, all larger fragments co-migrated; the bands at 7-0 and 11-0 kb were calculated to have twice the molar ratio of D N A . The EcoRI digest region of greatest variability in terms of number and mobility of D N A fragments lay between 4 and 7 kb. Thus, although each isolate could be readily identified by a characteristic restriction endonuclease cleavage pattern, all five isolates exhibited a high degree of similarity as judged by the co-migration of most of the D N A fragments.
Estimated size and molar amounts of EcoRI fragments
In order to estimate the A S F genome molecular weight, the number of EcoRI fragments in each band and the size of each EcoRI fragment was determined. Each D N A fragment size represents the mean value determined after electrophoresis in three separate agarose gels. The assigned size in kilobase pairs and number of fragments per band (number in parentheses) are represented schematically in Fig. 2 . The smallest fragments resolved in 0.8 ~ agarose gels were 0.5 kb, or less than 0.5 ~ of the ASF genome. The calculated total molecular weights, assuming 650 daltons per base pair, ranged from 93 x 106 for the V-6 isolate to 100 x 106 for the Haiti isolate.
Changes in the gel profile with plaque-purification
Genetic variants in the uncloned parent virus population were detected by comparison of gel restriction fragment patterns for each of the five plaque-purified virus D N A s . All of the plaquepurified ASF virus isolates differed in the number or mobility of a few D N A fragments when compared to the uncloned parent virus, but no obvious relationship between the loss and acquisition of bands could be established, presumably because small changes in mobility of the higher molecular weight bands could not be resolved. In the case of the uncloned Haiti virus (Fig. 3) , a weakly stained band (arrow), due to submolar amounts of D N A indicating genomic heterogeneity, was present and was resolved into a discrete molar band in the plaque-purified Haiti virus. Uncloned Brazil (Fig. 3) and also the Dominican Republic and Haiti isolates demonstrated a band of significantly larger size than any band existing in the plaque-purified isolates. This high mol. wt. band persisted even after prolonged incubation times and threefold higher enzyme concentration. In order to determine whether every plaque-purified virus had a different restriction pattern, a set of seven plaque-purified viruses were selected from a single uncloned parent virus (L'60 BM-89). Fig. 4(a) shows a comparison, by SmaI digestion, of the gel profiles of the seven viruses derived from the common parent. The only detectable difference was in the position of a single band at about 3 kb. Lanes 4 and 5, 8 and 9, and 3 and 7 (Fig. 4a) have identical SmaI restriction patterns. Plaque-purified V-6 (Fig. 4a, lane 6) , having an unknown passage history, and uncloned L'60 BM-89 virus (lane 2) both have blurred bands in this region, indicating D N A heterogeneity in terms of a series of similarly sized D N A molecules.
Digestion of the same plaque-purified viruses with EcoRI (Fig. 4b) gave better resolution and revealed differences in plaque-purified virus D N A s not observed with SmaI digests. Only one cloned virus (Fig. 4b, lane 3) closely resembled the uncloned parent virus. Two of the seven clones (lanes 4 and 5) from the same parent were identical by both the SmaI and EcoRI digestion criteria. The appearance of a submolar band at 5 kb, again reflecting the heterogeneity of the V-6 isolate, was eliminated by further plaque purification. Also, submolar bands were observed at about 7 kb in lanes 3 and 8 with EcoRI. The clones used for the digests in 3 and 8 (Fig. 4b) have been stored at -7 5 °C since plaque purification and have not undergone extensive passage either in cell culture or in swine. These minor bands do not represent partial digests since a fivefold increase in enzyme concentration and longer incubation times did not eliminate the bands.
Genome variations in cell culture
In Fig. 5, a (Fig. 5, lanes 2 and 3) . In particular, the EcoRI bands between 4 and 7 kb exhibited the greatest variability in the number and size of DNA fragments. In order to determine whether restriction patterns are altered by serial passage in Vero cells, the plaque-purified Dominican Republic isolate was passaged at an m.o.i, of between 0-5 and 3.0. After 16 Vero cell passages no change in the EcoRI restriction pattern was detected (data not shown). However, at the 30th passage (Fig. 5, lane 4) a submolar band of 7.2 kilobase pairs appeared, indicating an EcoRI detectable variant present in the plaque-purified virus. DISCUSSION ASF virus DNA has been extracted from infected cell cultures. The EcoRI restriction endonuclease patterns of DNA from wild-type virus grown in swine alveolar macrophages differed significantly, in terms of the number and electrophoretic mobility of DNA fragments, from the uncloned Vero cell-adapted virus and plaque-purified clones. The only similarities in EcoRI cleavage patterns between these DNAs were a cluster of co-migrating bands in the 3 kb region, and co-migration of bands at 4.2, 6.3, 7.3 and 12 kb. Thus, the majority of bands in the wild-type pattern had no obvious counterparts in the Vero cell-adapted virus pattern. An apparent selection of a genetic variant or a major genome rearrangement occurred during the adaptation of the virus to grow in Veto cell culture. During the course of adapting ASF virus to growth in Vero cells, it was noticed that incubation at 33 °C increased the yield of virus. Perhaps this reduced temperature selected for a particular genetic variant. In contrast, Talavera et al. 0982) reported that the Veto cell-adapted ASF virus, cloned by end-dilution in swine alveolar macrophages prior to Vero cell adaptation, differed from the wild-type virus genome by only two terminal deletions of 3 and 7 kb.
DNA from the Vero cell-adapted ASF virus isolates was characterized by two restriction enzymes, Sinai and EcoRI. Each isolate exhibited a characteristic variation in the restriction endonuclease pattern but, in general, the band patterns generated by both Sinai and EcoRI were remarkably similar for all Veto cell-adapted viruses. These restriction patterns represent ASF DNA because (i) the DNA was isolated from partially purified virus by a modification of the method of Enjuanes et al. (1976) , (ii) summing the fragments gives a final molecular size similar to, although less than, published values of ASF DNA as measured by electron microscopy (Enjuanes et al. 1976) , and (iii) the gel profiles of DNA isolated by the above method are identical to DNA profiles from more extensively purified ASF virus (Dr G. Geering, personal communication).
Genome heterogeneity, indicated by the presence of submolar bands and blurred regions in gel profiles, was observed in all uncloned Vero cell-adapted viruses and was resolved by plaquepurifying the virus in all but two instances (Fig. 4b, lanes 3 and 8) . Five of seven plaque-purified viruses derived from a single uncloned parent virus had different gel profiles, whereas only two were identical. Virus heterogeneity was also observed in the plaque-purified Dominican Republic isolate after 30 passages in Veto cells (Fig. 5) .
In the case of the orthopoxviruses (W ittek et al., 1978 ; Mackett & Archard, 1979; Schumperli et al., 1980) indistinct and blurred bands have been attributed to heterogeneity in the size of the terminal regions of the virus genome. Perhaps the blurred regions at 3 kb seen in the L'60 BM-89 virus DNA and V-6 virus DNA cut with SmaI are also due to terminal heterogeneity.
The uncloned virus isolates from Brazil, the Dominican Republic and Haiti exhibited a large DNA fragment (Fig. 3) that is eliminated by plaque purification. This high mol. wt. band is not due to partial digestion because the band persisted at higher enzyme concentrations and after prolonged incubations. It is unlikely that the large fragment reflects an increase in the size of the genome of the uncloned parent virus. However, certain cleavage sites in the uncloned virus DNA might be less susceptible to EcoRI digestion or the DNA might be modified to resist EcoRI cleavage. The origin of this large DNA fragment could be determined by hybridization to non-co-migrating fragments.
For epidemiological comparisons, restriction enzyme analysis may indicate a general grouping of field isolates. More subtle variations in the gel patterns of isolates within a group may be useful in tracing the spread of a disease. However, because of the extensive inherent variability of the ASF virus DNA, an assessment of the degree of relatedness of the isolates studied to date must await the physical mapping of the genome, particularly the terminal regions, to pinpoint the sites of genetic variability.
